Neutrophils fight infections by generating reactive oxygen species (ROS) and extracellular traps (NETs). However, how neutrophils modulate ROS/NET generation is mechanistically unclear.
INTRODUCTION
Neutrophils employ multiple mechanisms in fighting against infections, one of which is generation of neutrophil extracellular traps (NETs) upon activation. NETs are web-like structures of decondensed chromatin released from activated neutrophils in complex with granular proteins, which can prevent further spreading of invaded pathogens and meanwhile perform potent antimicrobial activity as well. 1 NETs are also pathologically associated with many difficult-to-treat diseases, such as autoimmunity, venous thrombosis, and cancer. [2] [3] [4] Therefore, the function of releasing NETs needs to be tightly controlled to ensure proper neutrophil behaviors. Mechanistically, NET release can be facilitated Abbreviation: EGFP, enhanced green fluorescent protein; HL-60N, neutrophil-like differentiated HL-60 cells; K3KI, kindlin-3 gene knock-in; LAD-III, type III leukocyte adhesion deficiency; NADPH, nicotinatmide adenine dinucleotide phosphate; NETs, neutrophil extracellular traps; ROS, reactive oxygen species by reactive oxygen species (ROS) produced by NADPH oxidase. 5 Neutrophils from patients with chronic granulomatous disease caused by deficiency of gp91 phox , a key component of NADPH oxidase, are incapable of forming NETs; and such a functional defect can be rescued by restoring the expression of gp91 phox in neutrophils in these patients. 6 Although the functional significance of ROS/NET signaling has been well recognized, the detailed mechanisms by which neutrophils control the generation of ROS/NETs still remain poorly understood. 7 Kindlin-3 is an important binding partner of the integrin cytoplasmic tails in hematopoietic cells and plays a key role in supporting integrin activation. [8] [9] [10] Kindlin-3's deficiency in humans leads to type-III leukocyte adhesion deficiency (LAD-III), and these patients are featured with recurrent infections and severe bleeding disorders due to dysfunction of integrins in leukocytes and platelets. 11, 12 Using a kindlin-3 gene knock-in (K3KI) mouse model that carries QW/AA mutations in kindlin-3 that leads to disconnection of J Leukoc Biol. 2018;104:597-602.
c 2018 Society for Leukocyte Biology 597 www.jleukbio.org kindlin-3 with integrins, we previously demonstrated that the interaction between kindlin-3 and integrins is required to support integrinmediated platelet aggregation and neutrophil recruitment. 13, 14 Interestingly, we also observed that neutrophils isolated from K3KI mice show a moderately reduced ability to release NETs, 14 indicating that kindlin-3 may be involved in the ROS/NET signaling. To further delineate the role of kindlin-3 in regulating NET release in current study, we manipulate the expression levels of kindlin-3 in both in vitro and in vivo systems, and demonstrate that kindlin-3 in neutrophils actually can act as a negative regulator for fine-tuning the generation of ROS/NETs, providing a novel pathway for developing anti-inflammatory strategies. 
MATERIAL AND METHODS

HL-60 and HL-60N cells
Mice
Isolation of mouse bone marrow neutrophils
Bone marrow neutrophils were isolated from mice as previously described. 14, 15 Briefly, the mouse bone marrow cells were collected from the tibia and the femur using HBSS buffer supplemented with 1% BSA and 5 mM EDTA and passed through a 70 M sterile cell strainer for collecting the single cells. Total bone marrow cells were loaded on a discontinuous Percoll gradient consisting of 52, 69, and 78% Percoll in PBS. After centrifugation for 30 min at 1500 × g, mature neutrophils were collected from the interphase between 69 and 78% Percoll and washed three times with PBS. Viability of the purified neutrophils was measured by trypan blue staining and the purity was evaluated by the expression of Gr1 using flow cytometry.
Quantification of NET-DNA release
HL-60N cells or mouse bone marrow neutrophils were allowed to reside on chamber slides coated with poly-L-lysine and stimulated with PMA (100 nM) for 2 h. The formed NET-DNA structures were visualized by staining the cells with Hoechst. Alternatively, HL-60N cells or mouse neutrophils were stimulated with PMA in non-stick tubes followed by incubation with micrococcal nuclease to liberate the NET-DNA fibers from cells. After centrifugation, the solubilized DNA fragments in supernatants were quantified using SYTOX green, as we previously described. 14 
Quantification of ROS production
Superoxide radical anion generated from the PMA-stimulated HL-60N and mouse neutrophils was quantified by a HPLC-based assay using hydroethidine (HE) probe, as previously described. 16, 17 In brief, cells were stimulated with PMA (100 nM) for 1 h at a cell density of 1 × 10 5 cells/mL in the presence of hydroethidine (HE, 20 M).
HE reacts with superoxide radical anion to produce red fluorescent 2-OH-E + , which was separated and quantified by HPLC equipped with absorption and fluorescence detectors.
RESULTS AND DISCUSSION
Kindlin-3 negatively regulates ROS/NET generation in HL-60N cells
HL-60 cell can be differentiated into neutrophil-like cells (termed as HL-60N) after treatment with DMSO. 16, 18 Compared to undifferentiated HL-60 cells, HL-60N cells expressed higher levels of neutrophil marker CD11b (Fig. 1A) . Upon stimulation, HL-60N cells but not HL-60 cells were found to release NET-DNA fibers (Fig. 1B) , which could be abolished by DNase treatment (not shown). The release of NET-DNA from stimulated HL-60N cells could be mostly inhibited by DPI, an NADPH oxidase inhibitor (Fig. 1C) , suggesting that the release of NET-DNA from HL-60N cells is ROS-dependent. NET release from HL-60N cells could also be induced by LPS and TNF-; however, the responses were much weaker than PMA stimulation and less sensitive to DPI treatment.
To test if kindlin-3 is involved in regulating NET release, HL-60N cells expressing either EGFP-kindlin-3 or EGFP were used. The expression levels of EGFP-kindlin-3 and EGFP in HL-60N cells were confirmed by Western blots (Fig. 1D ). After stimulation with PMA, we found that NET-DNA fibers released from HL-60N cells expressing EGFP-kindlin-3 were less than those released from HL-60N cells expressing EGFP (Fig. 1E) . Further quantification of the release DNA using the SYTOX green assay confirmed that overexpression of EGFPkindlin-3 could compromise NET-DNA formation in HL-60N cells (Fig. 1F) . Since ROS is required to promote NET release (Fig. 1C) , we next quantified the production of ROS by HL-60N cells, and found that upon PMA stimulation the production of superoxide radical anion in EGFP-kindlin-3 expressed HL-60N cells was significantly suppressed (continued on the next page) (Fig. 1G) . In addition, the production of hydrogen peroxide was also inhibited in these cells (not shown). These results suggest that kindlin-3 can act as a negative factor in regulating ROS/NET generation in HL-60N cells.
To examine if such a role of kindlin-3 in inhibiting ROS/NET generation depends on its binding to integrins, we employed a kindlin-3 mutant (K3KI) carrying the QW/AA mutations in the F3 subdomain that can disconnect kindlin-3 with integrins. 13, 14, 19 The expression level of EGFP-fused K3KI mutant in HL-60N cells was comparable to EGFP-kindlin-3; and endogenous kindlin-3 was normally expressed in these cells (Fig. 1H) . Substantially, overexpressing the K3KI mutant in HL-60N cells also suppressed NET-DNA release and superoxide radical anion production (1I and J), indicating that the inhibition of kindlin-3 on ROS/NET generation may not (or may not merely) rely on its interaction with integrins. In a previous study, we actually found that disconnection of kindlin-3 with integrins in K3KI mouse neutrophils led to a moderate reduction of NET-DNA release, 14 which may be attributed to the enhanced availability of the mutated kindlin-3 in activated neutrophils for performing the integrin-independent functions.
Further, we employed an shRNA-based approach to knockdown endogenous kindlin-3 in HL-60N cells (Fig. 1K) . The formation of NET-DNA structures significantly enhanced in HL-60N cells when endogenous kindlin-3 was silenced ( Fig. 1L and M) . Consistently, production of superoxide radical anion from these kindlin-3-deficient HL-60N cells also significantly increased (Fig. 2N) . As a note, overexpression or downregulation of kindlin-3 has no significant effect on HL-60 differentiation, as evidenced by the expression levels of neutrophil marker CD11b. Together, these results suggest that kindlin-3 is a negative regulator for ROS/NET generation in HL-60N cells.
Kindlin-3 negatively regulates ROS/NET generation in mouse neutrophils
Next, we sought to evaluate the role of kindlin-3 in regulating ROS/NET generation in mouse neutrophils. Bone marrow neutrophils were isolated from kindlin-3-deficient kindlin-3 fl/fl Mx1-Cre mice (kindlin-3 −/− ) and inbred WT control mice (kindlin-3 +/+ ). Deficiency of kindlin-3 in kindlin-3 −/− neutrophils was confirmed by Western blotting ( Fig. 2A) . After PMA treatment, NET-DNA fibers could be detectable on both kindlin-3 +/+ and kindlin-3 −/− neutrophils (Fig. 2B ).
Further quantification of the released NET-DNA showed that kindlin-3 −/− neutrophils had an enhanced ability to release NET-DNA when compared to kindlin-3 +/+ neutrophils (Fig. 2C) . In addition, production of superoxide radical anion also increased in kindlin-3 −/− neutrophils (Fig. 1D) . These results suggest that kindlin-3 can negatively regulate ROS/NET generation in mouse neutrophils.
To further verify the role of kindlin-3 in regulating NETs, a strategy of overexpressing exogenous kindlin-3 in mouse neutrophils was uti- conditions. When neutrophils encounter inflammatory challenges, kindlin-3 needs to interact with integrins to mediate neutrophil recruitment, 14 which, together with a possibly degradation mechanism for kindlin-3, 20 may alleviate the inhibition of kindlin-3 on ROS/NET signaling, thus facilitating ROS/NET generation. Certainly, more future studies are required for understanding the mechanistic details of how kindlin-3 temporally fine-tunes neutrophil behaviors under different stimulations. Especially, to specifically delineate the integrinindependent functions of kindlin-3, the subdomain/key residues in kindlin-3 that are responsible for inhibiting the ROS/NET signaling need to be identified for further functional evaluation, and these future studies will be useful for developing more specific anti-inflammatory strategies. 
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